Abstract-We propose a general principle for the guiding of light waves through heterogeneous metamaterial layers: light waves have a tendency to increase their portion guided through the medium having a larger 2 value than the neighbors, where 2 is defined as the product of material permittivity and permeability values. Using this principle, we discuss qualitatively the characteristics of fundamental optical modes in several metamaterial waveguide structures.
I. INTRODUCTION

M
ETAMATERIALS have captured the interest of many researchers in optics and photonics fields for the last decade [1] , [2] . This is mainly due to their peculiar capability of having negative values for their constitutive parameters, i.e., permittivity and permeability . This feature can bring out a new kind of optical mode localized near the interface between two media having mutually opposite signs of constitutive parameters. These modes are supported not by the difference in refractive indexes as in dielectric waveguides but by the difference in the signs of and/or of the waveguide materials. In fact, the surface plasmon-polarition (SPP) waves found in plasmonic waveguides belong to this kind of surface mode because they are guided through the interfaces between metals having negative and dielectrics in which is positive.
In conventional waveguides, we can say that light waves prefer the region which has a higher refractive index than the neighborhood. This principle can qualitatively explain not only why the light waves are guided through the core rather than the cladding but also why the fundamental optical mode (in the sense that it has the smallest phase velocity) has an even parity rather than an odd one. This raises a question to us which will be investigated in this letter: is there a similar principle held for the fundamental mode guided through the heterogeneous metamaterial layers? The answer proposed here is: yes, light waves prefer the medium which has a larger value of , where is defined as the product of material permittivity and permeability values (i.e., ), than the neighboring layers and have a tendency to increase their portion guided through those layers. The following points need to be called on to remove any ambiguity. 1) Here, the portion denotes that of the transverse components (e.g., and ; see Fig. 1 ), not the longitudinal one (e.g., ; see Fig. 1 ). 2) When s are all negative, as in the singly negative (SNG) metamaterials, the larger value means the smaller absolute value. 3) Our concern is limited only to the fundamental mode in the sense that its phase velocity is minimum. This means that the guiding principle proposed here is applicable only for the fundamental optical modes. 4) We considered lossless metamaterials throughout this letter except for the plasmonic example shown in Fig. 2(c) and (d) . However, if we take into account the imaginary parts of and (under the assumption that they are relatively smaller than the real parts), resulting in the complex value, the guiding principle becomes: light waves prefer the medium having a larger value of .
II. DIELECTRIC/SNG WAVEGUIDES
First, we will consider the slab waveguide composed of a SNG medium and a dielectric , which is very similar to the lossless plasmonic waveguide. Four structures will be considered: symmetric , , and asymmetric , . In each case, the light waves are guided through two interfaces, forming a supermode at the center layer. We propose that light waves basically prefer the layers in which is positive to the layers having negative .
A. Symmetric Cases
If the waveguide is of structure, light waves prefer the central layer (core) and try to increase their portion through it. Therefore, the fundamental supermode gets to have an even parity (from the viewpoint of transverse components) which can fill the core region to the maximum extent possible [see Fig. 1(a) ]. If the waveguide is of instead, light waves prefer the peripheral layers and, thus, try to decrease their portion through the central layer. Therefore, the fundamental supermode has an odd parity (also from the viewpoint of transverse components) which can have a vacancy near the center of the region [see Fig. 1(b) ].
This qualitative discussion explains why the fundamental supermode (having the largest effective index) in the waveguide (or in the metal/insulator/metal plasmonic waveguide) has a different parity from that in the (or ) one [3] . One may suspect that this discussion is 1041-1135/$26.00 © 2010 IEEE 
) of S=D=S structure changing " of S layer. We assumed " = 2:25, " = 010, and = = = 1. TM modes are considered here because TE modes do not exist since is positive in both S and D layers. (b) Same for D=S=D structure changing " of D layer. We assumed " = 2:25, " = 010, and = = = 1. In both cases, we set slab width and operation wavelength to be 0.5 m and 1550 nm, respectively, and normalized the field values so that they all carry the same amount of optical power.
contradictory to the well-known fact that the even-parity supermode in the structure corresponds to the long-range SPP wave having very low loss [3] , because our discussion shows that the fundamental odd supermode in the structure is formed in such a way that the field portion through the layer can be decreased as much as possible. Therefore, if the loss of the layer is introduced, the odd supermode seems to have lower loss than the even one. But as we noted earlier, the portion and thus, the parity mentioned above, denote those of the transverse components. The longitudinal component of the odd supermode has an even parity, resulting in the filling of the central region to the maximum extent. That of the even supermode (which corresponds to the long-range SPP) has an odd parity, resulting in a vacancy near the center of the layer. In plasmonic waveguides, the loss is caused mainly by the longitudinal motion-induced scattering of electrons in metals. Therefore, the odd-parity longitudinal field, i.e., the even supermode, will have low loss. This clearly shows that the existence of long-range SPP is not contradictory to but matches the guiding principle proposed in this letter.
B. Asymmetric Cases
If the waveguide is of structure where the layer has a larger (or a smaller ) than , light waves still prefer the central layer and try to increase their portion through it. But in addition to this, they prefer to . Therefore, the fundamental supermode has an even-like parity with more (transverse) fields guided through (i.e., localized at) the interface rather than the one [see Fig. 1(a) ], and the next-order mode has an odd-like parity and is localized near the interface. If the waveguide is of structure where the has a smaller than , light waves not only try to decrease their portion through the central layer but also try to increase their portion through the layer. Therefore, the fundamental supermode has an odd-like parity with more (transverse) fields localized near the interface rather than the one [see Fig. 1(b) ], and the next-order mode has an even-like parity and is localized at the interface. This result can be applied to the 2-D confinement of light waves using SNG-heterostructure waveguides shown in Fig. 2(a) and (b) , where two SNG media having different values ( and ) are adopted. Fig. 2 [4] and thus, ) can be used and this qualitative expectation is proved in the numerical results plotted in Fig. 2(c) and (d) using a commercial software based on the finite element method [5] . From the figures, we can find that since light waves (here the dominant component) prefer the upper and lower layers, they have increased their portion through them by forming an odd mode along the vertical direction [see Fig. 2(d) ]. In addition, they are localized near the central Ag layer, which can be expected from the relation , resulting in a horizontal confinement as can be found in Fig. 2(c) .
III. SNG-ONLY WAVEGUIDES: DUAL SNG MATERIAL WAVEGUIDES Next, we will consider the slab waveguide composed of dual SNG media which denote the following SNG pair: -negative ( , ) and -negative ( , ) materials whose impedances are matched to each other, i.e., or , excluding the perfectly impedance-matched case [6] - [8] .
It has already been reported that this waveguide supports only a single guiding mode (i.e., the fundamental mode is the only mode in this waveguide) and its parity is determined by [7] . Here, we discuss how the parity is determined by using the guiding principle proposed in this letter. Only symmetric structures will be considered: -negative/ -negative/ -negative and -negative/ -negative/ -negative waveguides. In each case, the light waves are guided through two -negative/ -negative interfaces, forming a supermode at the center layer. We propose that light waves prefer the layers whose is larger or, because in this case it is always negative, is smaller.
A. -Negative/ -Negative/ -Negative Cases
It is shown [7] that the guiding mode has an odd parity if and an even one if . Let us explain this feature. If , we have , which indicates that the light waves try to decrease their portion guided through the central -negative layer, resulting in the odd mode. Therefore, the direction of overall power flow (local power flow has opposite directions in -negative and -negative layers) is determined by that in the peripheral -negative layers. In the -negative layer, as can be seen in Fig. 3(a) , TE power flows backward in the sense that , where and denote the Poynting and the propagation wavevectors, respectively. Therefore, the overall power flows backward when the light is TE-polarized . We can similarly show that when the light is TM-polarized, the overall power flows forward in the sense that . If , we have instead, which makes the light waves increase their portion through the center layer, forming an even guiding mode. In this case, the direction of overall power flow is determined by that in the central -negative layer. In the -negative layer, as can also be seen in Fig. 3(a) , TE power flows forward because . Therefore, the overall power flows forward . It can be shown similarly as well that when the light is TM-polarized, the overall power flows backward, i.e., .
B. -Negative/ -Negative/ -Negative Cases
In this case, it can be shown similarly that the guiding mode has an odd parity if and an even one if . If , we have . Therefore, the light waves get to decrease their portion guided through the central -negative layer and we can get an odd guiding mode. If , we have instead. This makes the light waves increase their portion through the center layer and results in the formation of an even mode.
Similarly to the -negative/ -negative/ -negative cases, we can see that: 1) when the guiding mode has an odd parity, the direction of overall power flow is determined by that in the peripheral -negative layer, resulting in and , and 2) when the waveguide has an even mode, the direction of overall power flow is determined by that in the central -negative layer, which makes and . These discussions show that due to the preference of the media having large values, the guiding mode through the waveguide made of dual SNG media has different parities depending on the value of . This interesting feature brings on a practically meaningful characteristic: the power flow directions become dependent on the polarization states of light waves coupled or incident to the waveguide.
IV. CONCLUSION
In this letter, we have provided a general principle of light guiding in heterogeneous metamaterial waveguides: the preference of the layer having a large value (where ). When values are negative, light waves prefer the medium having a smaller , i.e., a larger . Using this, we discussed qualitatively the properties of fundamental modes such as parity and the overall direction of optical power flow in several waveguides.
